Photosynthesis is one of the main plant metabolic processes affected by copper deficiency and toxicity. The objective of this study was to evaluate the effects of different copper concentrations on transient chlorophyll a fluorescence and modulated fluorescence in sweet potatoes. Sweet potatoes were placed in a hydroponic system and grown for six days with a complete nutrient solution. The plants were then transferred to solutions with different copper concentrations (0.041, 0.082, 0.123 and 0.164 mM) for nine days. The solutions were renewed every three days, and the plants were evaluated at the end of the experiment. Increased copper availability (0.123 and 0.164 mM) positively influenced the structure and functionality of photosystem I (PSI). The increase in Cu availability also reduced the apparent electron transport rate in the PSII [ETR(II)], and the plants treated with 0.082 and 0.123 mM Cu were able to dissipate the excess light energy in the PSII and protect its units (NPQ and qN) . A joint analysis of the data shows that high copper concentrations in the nutrient solution lead to reduced photochemical activity of the PSII, increased dissipation of light energy from this same photosystem and increased PSI efficiency in sweet potatoes.
Introduction
Heavy metals are considered environmental pollutants due to their toxicity, persistence and non-degradability in the soil, and copper is one of the main environmental contaminants (Violante et al., 2010; Cambrollé et al., 2013) . This metal, in low concentrations, is an essential micronutrient for plant growth and development, and it plays a role in important biological reactions, mainly as an enzymatic cofactor present in electron carrier molecules in photosynthetic (plastocyanin) and respiratory (cytochrome oxidase) processes.
However, this element is highly toxic to plants at excess concentrations (Mateos-Naranjo et al., 2008) .
The first effect of copper toxicity in most species occurs in the roots, but high concentrations can cause copper to be translocated to the shoots and to interfere in various physiological processes (Cambrollé et al., 2013) . The thresholds of leaf Cuchiara et al. copper concentration causing toxicity are highly variable and range between 0.02 and 0.1 mg g -1 dry mass (Kabata-Pendias and Pendias, 2001 ). High levels of copper have been related to reductions in or damages to plant growth, mineral nutrient absorption, photosynthetic activity, membrane permeability, protein synthesis, enzymatic activity and chromatin structure (Cataldo et al., 2011; Cambrollé et al., 2011; .
In contaminated soils, plants behave in different manners when faced with abiotic stress, and evaluating the physiological responses of plants subjected to toxicity by heavy metals can help unveil strategies employed in the removal, accumulation and tolerance of heavy metals (Kabata-Pendias and Pendias, 2001; Cambrollé et al., 2013) .
Photosynthesis is one of the main plant metabolic
processes affected by copper toxicity, and studies that evaluate these effects have shown that this metal causes decreased photosynthesis due to altered photochemical reactions in photosystem II (PSII) or the inactivation of active reaction centres, reduced quantic yield and decreased electron transport on the acceptor side and on oxygen evolution (Perales- Xia and Tian, 2009; Cambrollé et al., 2012; Oukarroum et al., 2012) . Chlorophyll a fluorescence-transient analysis is an efficient tool for studying physiological aspects of structure and activity, especially in the PSII (Strasser et al., 2004) , and it has been widely used to evaluate damages to the photosynthetic system of plants by various types of stress (Maxwell and Johnson, 2000) .
Vela
The analysis of modulated chlorophyll a fluorescence is a technique that enables the collection of qualitative and quantitative information about the organisation and functioning of the photosynthetic apparatus of plants based on the saturation pulse method (Rohácek and Barták, 1999) . The principle employed by this method has been used in plant physiology studies that need to quantify the contributions of the photochemical processes and the dissipation of non-photochemical energy in the PSII (Rohácek and Barták, 1999) . According to studies by Cambrollé et al. (2011 Cambrollé et al. ( , 2012 Cambrollé et al. ( , 2013 , high copper concentrations decreased PSII yield and efficiency as a consequence of the photoinhibition induced by light stress in yellow hornpoppy (Glaucium flavum), sea purslane (Halimione portulacoides) and 'sapeira'
(Limoniastrum monopetalum).
economically important in developing nations because in addition to providing essential nutrients, it is easily cultivated, has high biomass, is resistant to drought and has a low production cost (Low et al., 2007) . In addition to these characteristics, sweet potatoes have been used as a model plant in studies of plant nutrition and metabolism due to their ease of propagation and fast growth (Adamski et al., 2011; .
The objective of this study was to evaluate the effect of different copper concentrations on the chlorophyll a fluorescence transient and modulated fluorescence in sweet potatoes.
Materials and Methods

Plant material and growth conditions
The sweet potato plants used in the study were obtained from apical branches that were approximately eight centimetres long and had four leaves per branch from plants rooted for five days in distilled water in a greenhouse. After rooting, the plants were placed in a continuous-flow root floating hydroponic system and were cultured using the Hoagland and Arnon (1938) Every three days, the solution was renewed, and the pH was adjusted to ±5.8. After the plants were exposed to the treatments for nine days, the chlorophyll a fluorescence transient and modulated fluorescence were evaluated.
Chlorophyll fluorescence transient
The (Strasser et al., 1995) . and F S (fluorescence intensity in equilibrium, or steady state). The following items were calculated from these parameters: effective photochemical et al., 1989) , non- et al., 1989) and non-
Modulated fluorescence
(Demmig-Adams, 1990). The apparent electron transfer rate of the PSII [ETR(II)] was calculated as 0.5 x PFD x φ PSII x 0.84, where 0.5 is the proportion of energy that reaches the PSII, and PFD is the irradiance absorbed by the leaf, considering 0.84 or 84% light intensity (Baker, 2008) .
Results
3.1.Chlorophyll a fluorescence transient: Normalisation and subtraction of transients
The transient fluorescence intensity in leaves grown under different copper concentrations was represented by typical polyphasic curves (Figure 1a-1b) . The 
To allow the possible identification of L-bands (approximately 150 μs), the relative variable fluorescence was normalised between the points 0 (50 μs) and K (300 μs) ( Figure 2a ) and the kinetic difference was shown through the following
The appearance of the positive L-band indicates low energetic connectivity (or grouping) between the units of the PSII (Strasser and Stirbet, 1998; Yusuf et al., 2010) . 
Chlorophyll fluorescence transient: Parameters derived from the JIP Test equations
The structural and functional parameters estimated 
Modulated fluorescence
The effective photochemical quantum yield of the PSII and many studies have focused on the photosynthetic electron transport chain in plants (Cambrollé et al., 2011) . However, few researchers have analysed detailed photosynthetic responses to increased copper levels using chlorophyll fluorescence analysis.
The fluorescence transient of the study plants had typical OJIP polyphasic curves for all of the copper treatments, which indicates that the photosynthetic PSII units were less grouped, which suggests a low connectivity between the PSII antenna units (Strasser et al., 2004) . Decreased energetic connectivity is a partial protection mechanism in that it is necessary to increase dissipation to improve utilisation of the chlorophyll excitation energy in non-photochemical processes (Redillas et al., 2011) . Furthermore, the ability to resist via decreased connectivity could be a measure of the ability to withstand alterations in the stacking or unstacking of the thylakoid membranes (Oukarroum et al., 2007) . Citrus species and excess iron in sweet potatoes (Adamski et al., 2011) , but no Land K-bands appeared in Alternanthera tenella when using excess copper (Cuchiara et al., 2013) . 
Conclusions
High copper concentrations in the nutrient solution alter transient and modulated chlorophyll a fluorescence, reduce photochemical activity, increase the light energy dissipation of the PSII and increase PSI efficiency in sweet potato plants.
